Abstract. Matriptase, also known as MT-SP1, is a type II transmembrane serine protease strongly implicated in both the development and progression of a variety of epithelial cancers. Evidence comes from studies of its expression in human cancers and from mouse models of spontaneous cancer. Matriptase is considered to be a major activator of two key stimulators of invasive growth, namely hepatocyte growth factor/scatter factor and urokinase-type plasminogen activator. The aim of this study was to examine the role of matriptase in pancreatic ductal adenocarcinoma by expression analysis and functional assays in vitro. Immunohistochemical analysis of matriptase performed on microtissue arrays and large samples of 55 pancreatic ductal adenocarcinomas and on 31 samples of normal pancreatic ducts revealed that although matriptase expression differed greatly in both malignant and normal ductal pancreatic tissue, matriptase scores were significantly (p=0.02) elevated in pancreatic ductal adenocarcinoma compared to normal pancreatic ducts. To evaluate the role of matriptase during development of pancreatic cancer, we studied the effects of newly designed matriptase inhibitors on the processing of the zymogen of urokinase-type plasminogen activator in the human adenocarcinoma cell lines AsPC-1 and BxPC-3. In both cell lines, at 1 μM, all matriptase inhibitors completely prevented zymogen activation. At lower inhibitor concentrations, the degree of inhibition of zymogen processing correlated with the affinities of the inhibitors towards matriptase indicating that this is a specific result of matriptase inhibition. Furthermore, matriptase inhibitors reduced the phosphorylation of the HGF receptor/cMet and the overall cellular invasiveness of the human pancreatic adenocarcinoma cell line AsPC-1. Our findings demonstrate for the first time that matriptase may be involved in the progression of pancreatic ductal adenocarcinoma and that matriptase inhibition may contribute to preventing the progression of this devastating disease.
Introduction
Pancreatic carcinoma is the fifth leading cause of cancer-related death, with an overall five-year survival rate of only 5%. As pancreatic cancer is one of the most deadly cancers, there is a substantial need for the development of new treatments for affected patients.
One of the major hallmarks of pancreatic cancer is its early systemic dissemination and its extraordinary local tumor progression. According to DiMagno et al (1) , these processes are responsible for ~90% of pancreatic cancer deaths.
It is well established that proteolytic, membrane-associated enzymes expressed on the surface of tumor cells, such as matrix metalloproteinases and proteases of the plasminogen activation cascade, play an important role in tumor growth and progression in general (2, 3) and in pancreatic cancer in particular (4, 5) . In addition, an increasing amount of data suggest an involvement of type II transmembrane serine proteases in tumor growth and progression (6) . One of the most prominent members of this class of proteases is matriptase (7) , also known as MT-SP1 (8) .
The oncogenic potential of matriptase has been most conclusively demonstrated by studies of List et al (9) , showing that modest orthotopic overexpression of matriptase in the skin of transgenic mice caused spontaneous squamous cell carcinoma and remarkably raised the susceptibility for carcinogen-induced tumors. Concomitant epithelial overexpression of hepatocyte growth factor inhibitor-1 (HAI-1), the cognate inhibitor of matriptase, completely negated the oncogenic effects of matriptase, strongly suggesting that matriptase is a potential anti-tumor target (9) .
In development matriptase is thought to mediate its effects by processing the zymogen of prostasin, a serine protease that has been suggested to regulate the epithelial sodium channel EnAC (10) , by directly or indirectly processing pro-filaggrin, a major protein involved in keratin aggregation and in terminal epidermal differentiation (11) , or both. In contrast, in cancer matriptase is supposed to play diverging roles. Most notably, it is considered to be a key activator of the two principal mediators of invasive growth (12) (13) (14) , the zymogen form of uPA (pro-uPA) and the single-chain proform of hepatocyte growth factor/scatter factor (pro-HGF/SF) (15) (16) (17) (18) . Upon activation, uPA binds to its receptor uPAR and triggers matrix degradation through the activation of the plasminogen system, regulates cell adhesion and induces cell migration and proliferation (12) . Likewise, processing of pro-HGF/SF leads to the biologically active form, HGF/SF, that is able to bind to its cell surface receptor cMet and subsequently trigger signal transduction via tyrosine phosphorylation.
Matriptase has been shown to be overexpressed in a wide variety of cancers such as ovarian (19, 20) , breast (21, 22) , cervical (23, 24) and prostate (25, 26) carcinoma. In most cases, high matriptase levels have been correlated with poor clinical outcome (27, 28) , indicating a functional involvement in oncogenesis.
Matriptase has recently been shown to be proteolytically active in an orthotopic xenograft model of human pancreatic cancer in nude mice (Napp et al, unpublished data). However, to our knowledge, data on matriptase expression in human pancreatic cancer and studies on the functional involvement of matriptase in the progression of pancreatic cancer are not available.
Therefore, in order to elucidate the general role of matriptase in pancreatic cancer, we used immunohistochemistry (IHC) to examine matriptase expression in 55 tissues of human pancreatic ductal adenocarcinoma (PDAC), the predominant form of pancreatic carcinoma (representing 90-95% of primary pancreatic neoplasms) and in 31 tissues of healthy pancreatic ducts. We showed a small, albeit significant overexpression of matriptase and reasoned that for a protein with a regulatory role at the top of two key activation cascades for invasive growth, minor overexpression might nevertheless result in relevant downstream effects. To test this hypothesis, we used a set of new synthetic matriptase-specific inhibitors to evaluate the role of matriptase as an activator of pro-uPA, of pro-HGF/SF induced HGF receptor/ cMet (HGFR/cMet) signalling and in the overall cellular invasiveness in cell lines of human pancreatic adenocarcinoma. We found that matriptase inhibitors have the potential to eliminate uPA activity in AsPC-1 and BxPC-3 cells completely indicating that cellular pro-uPA activation can be completely abolished by matriptase inhibition. Furthermore, in AsPC-1 cells, matriptase inhibitors resulted in a partial inhibition of pro-HGF/SF-induced HGFR/cMet phosphorylation and strongly reduced cellular invasiveness.
Materials and methods
Tissues. Formalin-fixed paraffin-embedded tissues (5-μm) were investigated: 45 PDAC on tissue microarray (TMA) (each tumor in duplicate), 10 additional large sections of PDAC and 31 normal pancreatic tissues partly on TMA, partly conventional large sections. The tissues were collected according to the guidelines of the local Ethics Committee.
Immunohistochemistry. IHC analysis was performed by Conbio, Gesellschaft für medizinische Produkte und Dienstleistungen GmbH, Hamburg, Germany, as follows: Heat-mediated antigen retrieval on either TMAs or conventional large tissue sections was carried out in Tris-EDTAcitrate buffer (pH 7.8) in a pressure cooker for 3.5 min. Endogenous peroxidase activity was blocked using 3% H 2 O 2 solution in methanol followed by blocking with 4% normal serum (Vectastain-ABC elite kit, Vector Laboratories Inc, CA, USA). Pretreated tissue sections were incubated with the primary antibody rabbit polyclonal anti-matriptase/ST14 (Cterminal epitope; aa 800-855; from Bethyl Laboratories) (Biomol GmbH, Germany) and for control also with another polyclonal antibody, raised against the catalytic domain of matriptase (18) at 5 μg/ml for 45 min and then with the secondary antibody mouse anti-rabbit from Vectastain-ABC elite kit. The detection was done by avidin-biotin-peroxidase detection with the Vectastain-ABC elite kit according to the manufacturer's instructions.
For specificity control, slides were stained following coincubation of the primary antibody (30 min) with the antigen matriptase/ST14 blocking peptide from Bethyl Laboratories (Biomol GmbH) at a concentration of 50 μg/ml.
All experimental slides were scored for matriptase immunostaining by a histopathologist (B.S.). The evaluation of immunhistochemical stains was performed following an accepted and widely used semi-quantitative scoring system as recommended by Remmele and Stegner (29) (Table I) . For comparison of the IHC scores of normal and tumor tissues, the Mann-Whitney test was applied using SPSS 13.0 software.
Cell lines and growth conditions. The human pancreatic adenocarcinoma cell lines AsPC-1 and BxPC-3 were cultured in RPMI-1640 with 10% foetal calf serum. Cells were purchased from the DSMZ (Braunschweig, Germany), media from Gibco™ (Invitrogen Corp., Germany). Cells were grown at 37˚C in 5% (v/v) CO 2 in air saturated with H 2 O. For the determination of pro-uPA activation, HGFR/cMet phosphorylation and for the invasion assays, cells were washed and serum was replaced by the protease-free serum substitute Ultroser HY (2%, Ciphergen Biosystems Inc, France) to prevent pro-uPA and pro-HGF/SF processing by serum proteases. All media were supplemented with penicillin (100 U/ml) and streptomycin (100 μg/ml) (Invitrogen).
Real-time PCR. Total RNA isolated from 4x10 6 cells (RNeasy kit; Qiagen GmbH, Germany) was reversely transcribed using AMV reverse transcriptase and 0.5 μg/μl oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer (Invitrogen). First-strand cDNA equivalent to 5 ng RNA was applied in real-time PCR using SYBR-Green JumpStart Taq ReadyMix (Sigma-Aldrich, Germany) and Corbett Rotor-Gene 3000 system (LTF, Germany). The primer sequences are given in Table II. qPCR conditions were 95˚C for 3 min, followed by 35-40 cycles of 95˚C for 10 sec, annealing at optimized temperatures (Table II) for 15 sec and 72˚C for 18 sec followed by gradual melting from 72 to 96˚C. Fluorescence was recorded after the 72˚C step. RNA levels were normalized to the housekeeping gene ribosomal binding protein 26 (RPS 26) . The experiments were carried out in triplicates and analysed with the Corbett software package.
Matriptase-selective inhibitors. Synthesis, structure-activity relationship and K i determinations of the matriptase inhibitors CU-697 and CU-1737 were described previously as inhibitors 44 and 59, respectively (30) . The newly designed inhibitors CU-988, CU-990, CU-1804, CU-1807 and CU-1832 were recently described (31, 32) . For structures, affinities and specificities of the inhibitors see Fig. 1 and Table III , respectively. The specific uPA inhibitor CU-463 (benzylsulfonyl-d-Ser-Ser-4-amidinobenzylamide), used as a control, has been described previously as inhibitor 26 (33) ( Table III) . All inhibitors were dissolved in H 2 O or 5% DMSO as 5 mM stock solutions.
Expression and purification of pro-HGF/SF. Recombinant human full-length pro-HGF/SF was expressed and purified, as described previously (34) . The pro-HGF/SF-encoding baculovirus was generously provided by Prof. P.M. Comoglio (Institute for Cancer Research and Treatment, Candiolo, Italy).
Measurement of uPA activity and pro-uPA activation. In order to measure uPA activity at the surface of AsPC-1 and BxPC-3 cells, 3x10 4 cells per well were seeded in a 96-well plate in the presence and absence of 0, 0.1, or 1 μM of either of the matriptase inhibitors or of the uPA inhibitor CU-463, Table I . Evaluation system for IHC stains according to Remmele and Stegner (29) . 
s, sense and as, antisense. Table III . Inhibition of matriptase and other trypsin-like serine proteases by various inhibitors. respectively. After a 16 h incubation, 0.3 mM of the chromogenic substrate S-2444 (Chromogenix, Italy) was added and the kinetics of its cleavage were monitored by measuring OD 405 over time. Kinetic measurements with human recombinant uPA were performed as reported previously (35) . They served as controls for direct inhibition of uPA.
Determination of HGFR/cMet phosphorylation. AsPC-1 cells (10 6 ) were seeded into 25-cm 2 polycarbonate culture bottles either in the absence or in the presence of 0.1 μM of various matriptase inhibitors. Under these conditions cells remained subconfluent throughout the experiment. After 24 h, phosphorylation of the human HGFR/cMet was stimulated by the addition of 100 ng/ml recombinant human pro-HGF/SF (final concentration). After 1 h, the medium was removed by aspiration, cell layers were rinsed with phosphate-buffered saline (PBS) and harvested in PBS with a cell scraper. The cells were recovered by centrifugation and the pellets resuspended for 30 min in ice-cold lysis buffer (20 mM Tris-HCI pH 8.0, 137 mM NaCl, 1%) (v/v) Triton X-100 10% (v/v) glycerol, 2 mM EDTA, 1 mM NaF, 1 mM Naorthovanadate, 'Complete' proteinase inhibitors (Roche GmbH, Germany). The lysates were centrifuged for 10 min at 12,000 x g to remove insoluble debris. Protein concentrations in the supernatants were determined using the bicinchoninic acid (BCA) assay (Pierce, USA) and further diluted to 150 to 200 μg/ml.
Phosphorylation of human HGFR/cMet was determined using the human phospho-HGFR/cMet ELISA (R&D Systems Inc., USA) according to the manufacturer's protocol. Briefly, 15-20 μg protein from AsPC-1 cell extracts were pipetted into an Apogent maxisorb microtiter plate (Nunc, Germany) coated with polyclonal anti-human HGFR/cMet antibody. Antibody-bound HGFR/cMet was probed with a monoclonal anti-phosphotyrosine antibody coupled to horseradish peroxidase (HRP). HRP activity was quantified with the H 2 O 2 -tetramethylbenzidine reaction which gave a direct measure of the extent of HGFR/cMet phosphorylation.
Matrigel invasion assay. Polycarbonate filters (8-μm pore size) of transwell chambers (6.5 mm, Costar, Incorporated Corning, NY, USA) were coated with 10 μg Matrigel Basement Membrane Matrix (BD Biosciences, Germany). AsPC-1 cells (2x10 5 ) were seeded in 500 μl medium on the Matrigel-coated polycarbonate membrane in the upper compartment and invasive growth was stimulated by the addition of 100 ng/ml pro-HGF/SF in 500 μl medium with or without 20 μM inhibitor in the lower compartment. After 48 h, cells that had invaded through the Matrigel and migrated to the lower side of the filter were fixed with methanol and stained with DiffQuick (Dade Behring, Germany) according to the recommendations of the manufacturer. Cells and Matrigel at the upper side of the filter were mechanically removed. Each membrane of the inserts was photographed three times and the images were then quantitatively analyzed with a method that had before been thoroughly evaluated using cell dilution series. In brief, the photographs were transformed to black and white images with Irfan View Software (http://www. irfanview.com) and the black pixel count was then determined with UTHSCSA Image Tool (http://www.uthscsa.edu). The data of the three photographs of one insert were averaged. Means of two independent experiments are given.
Results
Matriptase is slightly but significantly overexpressed in PDACs compared to normal pancreatic ductal cells. Expression of matriptase in pancreatic ductal adenocarcinoma (PDAC) was evaluated by IHC analyses on TMAs and large-area tissue sections as described above. In total, 55 tissues of PDAC (46 from tumor stage 3, 6 from tumor stage 4, as well as 3 without indicated tumor stage) were compared to 31 samples of normal pancreatic tissue from either disease-free pancreas (12) or peritumoral pancreatic tissues (19) .
Matriptase immunostaining resulted in a partly membranebound, partly cytoplasmic reaction. The specificity of the staining reaction was confirmed by competition experiments with the corresponding antigen ( Fig. 2E and F) . Replacement of the primary antibody 'anti-matriptase/ST14' by another polyclonal antibody raised against the catalytic domain of matriptase yielded comparable results and confirmed the specificity of the staining (data not shown). There were great differences in matriptase scores in both normal and malignant pancreatic ducts (see Fig. 2A -E for representative photographs of IHC analyses). Matriptase expression was mostly weak in normal pancreatic ducts (mean score 1.3, standard deviation 2.1, range 0-8). Ducts in 9 of 31 normal pancreas (29%) showed weak expression and in two pancreas (6%) moderately strong expression. All other normal pancreatic tissues expressed no matriptase (65%). As assessed by the scoring system, matriptase expression was also mostly weak in PDAC (mean score 2.4, standard deviation 2.7, range 0-12). The distribution of matriptase expression in PDACs was as follows: 20 (36%) carcinomas were negative, 25 (45%) carcinomas showed a weak, 8 (14.5%) carcinomas a moderately strong, and 2 (3.5%) PDACs a strong expression (Fig. 2) .
Mann-Whitney analysis indicated that matriptase is overexpressed in PDAC compared to normal duct cells (p=0.02) with median values for the matriptase score of 0 and 2 for normal ductal cells and DACs, respectively (Fig. 3) . Thorough analysis of matriptase expression and detailed pathology data yielded no further correlations (data not shown).
The pancreatic adenocarcinoma cell lines AsPC-1 and BxPC-3 express relevant factors for downstream signalling by matriptase. In a next step, we tested, whether matriptase might play a functional role in the progression of pancreatic adenocarcinoma in vitro. We chose the human pancreatic adenocarcinoma cell lines AsPC-1 and BxPC-3 for our studies, because matriptase has recently been shown to be proteolytically active in these cell lines in cell culture or in an orthotopic mouse model of pancreatic cancer (Napp et al unpublished data, personal communication). In order to make sure that all relevant factors for the downstream signalling of matriptase were expressed in these cell lines, we studied the expression of the potential matriptase substrates pro-uPA and pro-HGF/SF as well as their receptors uPAR and HGFR/cMet by qRT-PCR. RNA of Matriptase itself as well as RNAs of pro-uPA, uPAR, pro-HGF/SF and HGFR/cMet were all present in both cell lines (data not shown). Both cell lines thus met our demands for subsequent analyses. Only low levels of RNA of pro-HGF/SF could be detected. Pro-HGF was therefore given as an external factor where necessary. In addition, we examined the expression of RNA of the cognate matriptase inhibitor HAI-1 and of hepsin, another cancerassociated type II transmembrane serine protease which has also been described to be an efficient activator of pro-HGF/SF (36,37) and pro-uPA (38) . Whereas RNA of HAI-1 was present in both cell lines, RNA of hepsin was not detected.
Matriptase-selective inhibitors are able to abolish pro-uPA activation completely in the human pancreatic adenocarcinoma cell lines AsPC-1 and BxPC-3. Matriptase is considered to be one of the most important activators of the urokinase-type plasminogen activation cascade (16) (17) (18) 39) . Therefore, the inhibition of matriptase should result in reduced activation of the zymogen of uPA and thus in reduced uPA activity.
In our matriptase project, inhibitor optimization resulted in a variety of active site serine protease inhibitors with different affinities towards matriptase and high selectivity towards other relevant serine proteases. The inhibitors are at least 100-fold more potent in inhibiting matriptase than in the inhibition of any other serine protease. Exceptions are the inhibitors CU-1804 and CU-1807, which are also potent inhibitors of thrombin (Table III) . The chemical structure of the inhibitors is shown in Fig. 1 . Synthesis and characterization of the new inhibitors will be described elsewhere [Steinmetzer et al and Schweinitz et al (31, 32) ]. CU-463 is a uPA-specific inhibitor (33) and was used as a control.
We used this set of inhibitors to assess the role of matriptase on the activation of pro-uPA in pancreatic carcinoma by quantifying the processing of S-2444, a chromogenic substrate that is specific for uPA, in AsPC-1 and BxPC-3 cells. At an inhibitor concentration of 1 μM, all inhibitors resulted in a 90-100% reduction of the uPA activity in AsPC-1 and BxPC-3 cells. Since at 1 μM the inhibitors are neither cytotoxic, anti-proliferative, nor able to inhibit the proteolytic activity of purified recombinant uPA (data not shown), we conclude that the matriptase-specific inhibitors almost completely prevented the activation of pro-uPA to uPA. As expected, 1 μM CU-463, the uPA-specific inhibitor used as control, not only inhibited the uPA activity of the cell lines, but also completely abolished the activity of recombinant uPA (data not shown).
At a lower inhibitor concentration (0.1 μM), the inhibitors reduced pro-uPA activation in AsPC-1 and BxPC-3 cells with differing efficiencies (Fig. 4A) . We hypothesized that if matriptase were the key activator of pro-uPA, then, in this experimental setting, the efficiency of the inhibitors in reducing uPA activity should correlate with the affinities of the inhibitors to matriptase.
In fact, we found negative linear correlations of K i values and the inhibition of pro-uPA activation in both cell lines. Inhibitors with low K i values for matriptase inhibited the uPA activity more efficiently than inhibitors with higher K i values for matriptase. The correlation coefficients were -0.8 and -0.66 for AsPC-1 and BxPC-3, respectively. Inhibitor CU-1807 represented a remarkable exception, yielding considerably higher inhibition of pro-uPA activation than predicted from the K i value (24.5 nM). Exclusion of this inhibitor improved the correlation coeffcients to -0.93 and -0.91 for AsPC-1 and BxPC-3, respectively ( Fig. 4B and C) . We conclude that in AsPC-1 and BxPC-3 cells, the inhibition of pro-uPA activation is achieved by specifically inhibiting matriptase and not by inhibition of any other serine protease.
Effects of matriptase inhibitors on pro-HGF/SF-induced cMet phosphorylation in the human pancreatic adenocarcinoma cell
line AsPC-1. In addition to pro-uPA, matriptase is known to process pro-HGF/SF efficiently (15, 18, 39) . Therefore, inhibition of matriptase should result in reduced activation of pro-HGF/ SF and thus in reduced tyrosine phosphorylation of HGFR/cMet.
We assessed the efficacy of various matriptase-selective inhibitors on the inhibition of pro-HGF/SF-induced cMet signaling by measuring their effects on the pro-HGF/SFinduced tyrosine phosphorylation of HGFR/cMet in the human pancreatic cell line AsPC-1. HGFR/cMet tyrosine phosphorylation was determined with a cMet phosphorylation ELISA as described in Materials and methods. Consistent with the detection of pro-HGF/SF mRNA (see above), analysis of non-stimulated AsPC-1 cells showed a basal level of HGFR/cMet phosphorylation, indicating the presence of receptor ligand in this cell line. Nevertheless, to give a new and well-defined stimulus of HGFR/cMet phosphorylation, 100 ng/ml recombinant pro-HGF/SF was administered to the cells, resulting in a 2-2.5-fold increase of HGFR/cMet phosphorylation after 1 h. At a final inhibitor concentration of 0.1 μM the serine protease inhibitors with the highest affinities towards matriptase (CU-1737, CU-1804 and CU-1832) had the most pronounced effects on proHGF/ SF-induced HGFR/cMet phosphorylation. They reduced proHGF/SF-induced tyrosine phosphorylation by ~30% (Fig. 5) . However, of these, only the inhibition obtained with CU-1804 was statistically significant, a finding that might in part be explained by the high standard deviations in this assay. In addition, CU-1807, albeit it has a significantly lower affinity towards matriptase (K i = 24.5 nM), also strongly and significantly reduced HGFR/cMet phosphorylation. This inhibitor had already been identified in the pro-uPA activation assay as a compound the efficiency of which was more pronounced than that deduced from the affinity towards matriptase (see above). In contrast, CU-990 had no effect and CU-988, for reasons unknown, even stimulated HGFR/cMet phosphorylation.
We conclude that in AsPC-1 cells, matriptase inhibition may result in a partial inhibition of HGFR/cMet phosphorylation.
Matriptase inhibitors strongly reduce invasiveness of
AsPC-1 cells in a Matrigel invasion assay. As shown above, matriptase inhibition resulted in complete inhibition of prouPA processing and in up to 40% reduction in HGFR/cMet phosphorylation. As both active uPA and phosphorylated HGFR/cMet are well known to trigger invasive growth, in a next step, we investigated whether the effects of the inhibitors would manifest in reduced cellular invasiveness. To do so, we selected those inhibitors that yielded a significant effect on the pro-HGF/SF-induced cMet phosphorylation, namely CU-988, CU-1804, and CU-1807, to study their effects on the invasiveness of AsPC-1 cells in a Matrigel invasion assay.
Non-stimulated AsPC-1 cells represented the basal level of invasiveness. Administration of 100 ng/ml pro-HGF/SF stimulated the invasiveness ~1.7-fold (Fig. 6) . The final inhibitor concentrations in the assay were 1 and 10 μM, respectively. At 1 μM, none of the three inhibitors showed any effects in cellular invasiveness (data not shown). However, at 10 μM, the matriptase inhibitors CU-1804 and CU-1807, i.e. those which significantly reduced pro-HGF/SF-induced HGFR/cMet phosphorylation, reduced the relative cellular invasiveness of pro-HGF/SF-stimulated AsPC-1 cells >2-fold (Fig. 6 ). Since at this concentration the inhibitors are neither cytotoxic nor anti-proliferative (data not shown), we conclude that these inhibitors were able to counteract the pro-invasive effect of pro-HGF/SF completely and in addition to reduce invasiveness below the basal level by ~25% (Fig. 6) . The matriptase inhibitors thus have the potential to reduce invasive growth of the pancreatic carcinoma cell line AsPC-1 substantially, probably by simultaneously inhibiting HGFR/cMet phosphorylation and pro-uPA activation.
Inhibitor CU-988, which induced the HGFR/cMet phosphorylation, had almost no effect on cellular invasiveness. Here, the pro-invasive effects of the induced cMet phosphorylation may have abrogated the anti-invasive effects of the inhibition of pro-uPA activation. 
Discussion
Overexpression of matriptase has been demonstrated in a variety of tumors. The finding that matriptase expression correlated with tumor stage, clinical outcome or both in pancreatic, breast, ovarian, and cervical carcinoma, suggested that this protease is a biomarker for these carcinomas and at the same time implicated a functional role of matriptase in tumor progression (27, 28) . To our knowledge, data on the expression and role of matriptase in PDAC are not yet published. To investigate the expression of matriptase in PDAC, we performed IHC analysis on TMAs and large sections of PDAC (55) and tissues of healthy pancreatic ducts (33) . We show that a wide range of matriptase expression levels, ranging from no to high expression, can be found in both healthy ducts and PDAC.
Consistent with the results of IHC analyses on normal pancreatic tissue (40), we found no or only very weak immunoreactivity of islet cells and acinar secretory cells. However, non-concordantly, Oberst et al (40) showed very strong matriptase staining of pancreatic ducts, whereas in our study pancreatic ducts mostly showed either no or only weak matriptase staining. Stronger matriptase stainings were exceptions, so possibly, the section shown by Oberst et al coincidentially represented such an exception.
Mann-Whitney analysis of our IHC data revealed that matriptase is significantly overexpressed in PDAC compared to healthy pancreatic ducts (p=0.02) with median matriptase scores of 0 and 2 for healthy pancreatic ducts and PDAC, respectively. However, since all matriptase scores, from no expression to high expression were detected in both healthy and malignant tissues, we would not propose matriptase to be a diagnostic or prognostic tool in PDAC.
As the matriptase: HAI-1 ratio has been shown to correlate with clinical outcome or tumor stage for ovarian and prostate carcinoma, respectively (26, 41) , it will be also interesting to study the ratio of matriptase to HAI-1 in PDAC.
Within our scoring system, ranging from 0 to 12 (29) , the median matriptase score of 2 is relatively low. Nevertheless, having in mind the results of List et al (9) showing that matriptase expressed in the skin of mice at a total level 1.2-1.4-fold of normal led to spontaneous development of squamous cell carcinoma in early midlife and also to increase susceptibility to chemically-induced carcinogenesis dramatically, a slight degree of overexpression might very well be of functional relevance. This is all the more relevant, since matriptase was recently shown to be proteolytically active in an orthotopic mouse model of human pancreatic cancer (Napp et al, unpublished data), a remarkable finding for a protease the regulation of which is known to be very intricate (42, 43) .
To study the role of matriptase in pancreatic adenocarcinoma in vitro, we used a new set of well-characterized serine protease inhibitors with high affinity and selectivity to matriptase [Steinmetzer et al and Schweinitz et al (31, 32) ] and two cell lines, AsPC-1 and BxPC-3, which were known to express proteolytically active matriptase in vitro (Napp et al, unpublished data). We showed that matriptase inhibitors are able to abolish pro-uPA activation at the surface of these cells completely. At 1 μM, all inhibitors reduced the cleavage of S-2444, an uPA-specific chromogenic substrate, by at least 90%. Since at this concentration the inhibitors neither affect the viability, the proliferation rates, nor inhibit recombinant active uPA, we conclude that they act by inhibiting pro-uPA zymogen activation. Our observation that at 0.1 μM the efficacy of the inhibitors to suppress pro-uPA activation correlates with their inhibitory potency in enzyme kinetic assays strongly suggests that this effect is specific for matriptase inhibition. In AsPC-1 and BxPC-3 cells, matriptase thus seems to be the sole activator of pro-uPA. mRNA of Hepsin, another efficient activator of pro-uPA (38) is neither expressed in AsPC-1 nor in BxPC-3 cells.
The involvement of matriptase in pro-uPA activation has recently been shown for cell lines of human prostate adenocarcinoma (PC-3) (18), ovarian cancer (HRA) (16) , and for the monocytic cell line THP-1 (17), but has not yet been demonstrated for pancreatic adenocarcinoma.
In this tumor type, the importance of the uPA system for tumor progression was demonstrated by studies of expression and function. In Northern blot analysis, mRNA levels of uPA and its receptor uPAR were shown to be increased 6-and 4-fold, respectively, when compared to normal specimens. Correlation of these data with clinical outcome demonstrated significantly decreased survival among patients who overexpressed both uPA and uPAR (median 9 months) compared to patients who had no overexpression of these factors, or overexpression of only one of these factors (median 18 months) (44) .
In a mouse model of human pancreatic carcinoma using L3.6pl cells, inhibition of uPA signalling with an anti-uPAR monoclonal antibody reduces orthotopic growth, local invasion, and liver metastasis by 75, 100 and 53%, respectively (45) .
In AsPC-1 cells, at concentrations of 0.1 μM, those matriptase inhibitors that performed best in the pro-uPA activation assay were also the most effective in the HGFR/ cMet phosphorylation assay. We refrained from studying these effects in BxPC-3 cells, since it was shown recently that these cells do not or only weakly respond with increased migration and invasiveness to HGF/SF stimulation (46, 47) . The inhibitors achieved ~30% inhibition of pro-HGF/SFinduced HGFR/cMet phosphorylation. This result suggests that in this experimental setting, in addition to matriptase, other proteases might be involved in pro-HGF/SF activation and subsequent HGFR/cMet phosphorylation. Since the uPAspecific inhibitor CU-463 was not effective in this assay and no uPA activity was found in the presence of some of the matriptase inhibitors at 0.1 μM, uPA can be excluded as a potential activator for pro-HGF/SF (34) . Hepsin, another potential activator of pro-HGF/SF (36, 37) , is not expressed in AsPC-1 cells. One could argue that due to 'interconnecting proteolytic systems, cascades and circuits' (48), matriptase inhibition might stimulate the expression of hepsin. However, as in the concentration range applied in the assay, none of the inhibitors showed any inhibitory effect on recombinant hepsin (data not shown), even if hepsin would be upregulated, it need not be considered.
The importance of the HGF/cMet system in pancreatic cancer has been shown with the small molecule cMet inhibitor PHA-665752 (47) and with the HGF antagonist NK4 (recently reviewed in ref. 49 ). NK4 expression reduced HGF-induced migration of AsPC-1 cells to the level of non-stimulated cells (50) .
HGF/SF is known to induce the expression of uPA and uPAR (45) . Therefore, the effects of HGF/SF and uPA on invasiveness are interconnected. For example, uPA inhibition by either amiloride or an uPAR antibody significantly reduced the HGF/SF-induced invasiveness of the pancreatic cell line L3.6pl (45) . The matriptase inhibitors CU-1804 and CU-1807 reduced the invasiveness of pro-HGF/SF-induced AsPC-1 cells to a level below that of non-stimulated cells. However, compared to the other assays, here, the inhibitors were only effective at higher concentrations. This may be explained by a reduced availability of the inhibitors in the presence of Matrigel.
Inhibitor CU-1807 performed better than expected from its K i value and thereby represented an interesting exception. As this inhibitor is more lipophilic (partition coefficient AlogP = 3.59) than all other inhibitors tested (AlogPs <2, AlogPs were calculated using the SAR Navigator™, version 1.5, Tripos Inc.), we speculated that this inhibitor might penetrate the cell membrane and act intracellularly on a relevant and structurally similar serine protease with unknown identity. Effects that result form the inhibition of another structurally similar extracellular serine protease, such as matriptase-2 (51) or another type II transmembrane serine protease (6), can also not be completely excluded.
In summary, we conclude that in a subgroup of PDAC, matriptase may contribute to tumor progression and that matriptase inhibitors may have the potential to counteract the invasive potential of pancreatic carcinoma cells.
